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COEFFICIENTS OF DISCHARGE OF FUEL INJECTION NOZZLES FOR 

COIVIPRESSION-IGNITION ENGINES 

By A. G. GeiiAUiGS 



SUM&IART 



This report presenis the results cf an incesfigaiion to 
determine the coefficients of discharge of nozzles with 
small, round orifices of the sizes used with high-speed 
compression-ignition engines. The injection pressures 
and chamber back pressures employed were comparable 
to those existing in eompression-4gnition engines during 
injection. The eonstruclion of the nozdes was varied 
to determine the effect of the nozde design on the coeffi- 
cient. Tests were also made with the nozdes assembled 
in an automatic injection valve, both with a plain and 
with a helically grooved stem. 

It was found that a smooth passage before the orifice 
is requisite for high flow efficiency. A beveled leading 
edge before the orifice gate a higher coefficient of discharge 
than a rounded edge. Varying the length-diameter raiio 
from 1 to Sfor one of the oriUces having a beveled leading 
edge was found to hare no effect on the value of the coeffi- 
cient. The results with the nozzles assembled in an 
automatic injection valve having a plain stem duplicated 
those with the nozzles assembled at the end of a. straight 
tube of constant diameter. Lower coefficients were ob- 
tained with the nozzles assembled in an injection valve 
having a helically grooved stem. 

When the coefficients of nozdes of any one geometrical 
shape were plotted against values of corresponding 
Reynold's Numbers for the orifice diameters and rates of 
flow tested, it was found that experimental points were 
distributed along a single curve. 

INTRODUCTION 

In designing injection valves for high-speed com- 
pression-iogition engines ^Tgrng solid injection, it is 
necessary to know the flow characteristics of several 
geometrical shapes of nozzles in order to determine 
the most suitable type to be used. The required 
performance of the injection valve varies for the dif- 
ferent combustion conditions. 

To design a valve utilizing all the energy supplied 
by the pump to the best advantage and to obtain the 
desired type of spray requires a knowledge of the flow 
characteristics of a number of geometrical shapes of 
nozzles, both open and closed, and combinations of 



nozzles and st«m shapes. Failure to use a nozzle de- 
sign giving the spray features required by the com- 
bustion diamber can only result in poor combustion 
efficiency. 

TVith the small orifices employed in high-speed com- 
pression-ignition engines, the flow conditions through 
the orifices are controlled by the coefficients of dis- 
chai^e of the orifices. Some work has been done in 
determining these coefficients of discharge. Joachim 
(Eeference 1} detennined the coefficients of dischsige 
of three nozzles that had sharp entering and e.\it 
edges. He used injection pressures up to 8,000 
pounds per square inch and ratios of back pressure to 
injection pressure up to 0.8 for pressures between 
1,000 and 2,000 pounds per square inch. Zuehn 
(Heference 2) determined the coefficients of discharge 
of several nozzle xmits with smaU orifices, but the 
injection pressiu-es he used were somewhat lower than 
those actually employed for solid injection engines. 
Numerous other investigations on nozzles of different 
shapes have been made with laxget sizes of orifices 
and lower injection pressures, but these results are of 
limited value when applied to the design of fuel injec- 
tion valves for compression-ignition engines. 

The purpose of this investigation was to determine 
the coefficients of discharge of nozzles with several 
geometrical shapes. Injection pressures and air back 
pressures comparable to those existing in the combus- 
tion chamber of compression-ignition engines were 
used. The investigation was conducted at the Langley 
Memorial Aeronautical Laboratory at Langley Field, 
Va. 

A brief explanation of the meaning of the coefficient 
of discharge, a derivation of the algebraic expression 
for the coefficient, and a discussion of the factors 
affecting the fiow of a liquid through an orifice are 
given in the appendix. For a more complete treat- 
meat of the subject the reader is referred to a paper 
by Hodgson (Eeference 3), the report of the American 
Society of Mechanical Engineers Research Committee 
on Fluid Meters (Eeference 4), a paper in the Bureau 
of Standards Journal of Research (Reference 5), and 
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a more recent publication by the American Society of 
Mechanical Engineers on "HydxauKc Laboratory 
Practice" (Reference 6). 

The terms used in the determination of the coeffi- 
cients of discharge of the injection valve nozzles are 
defined as foIlo"WB: 

1. Orifice. — ^The smallest outside opening of the 
nozzle from which the jet of fluid issues, 

2. Orifice length. — ^The depth of the opening or the 
length of the cylindrical portion that is of the same 
diameter as the orifice. 

3. Orifice throat. — The cylindrical portion referred 
to in the definition for orifice length. 

4. Nozzle. — ^In addition to the throat, that part of 
the passage which is beveled or rounded and which is 
not of a constant diameter. 

APPARATUS AND METHODS 

The apparatus used in this investigation (Figure 1) 
was similar to that employed by Joachim in his re- 
searches on the coefficients of dischai^e of small round 
orifices (Reference 1). It consisted of an air cylinder 
and a piston 5 inches in diameter used as a pressure 
intensifier for a hydraulic cylinder having a plunger 
0.720 inch in diameter. To prevent leakage, the 
plunger moved through a closely fitting bushing, both 
of which were lapped separately. Two needle valves 
located at the bottom of the plunger cylinder per- 
mitted oil to be pumped into the cylinder or to be 

discharged through the 
orifice. The chamber, 
into which the oil was 
discharged through the 
orifice, was 3 inches in 
diameter and 18 inches 
length. The back 



m 

pressure into which the 
discharge took place 
was obtained from a 
compressed-air bottle 
connected to the dis- 
charge chamber. 

As the discharge 
through the orifice took 
place, the time for the 
plunger to travel the dis- 
tance between the two 
notches in the plunger 
was recorded by a one 
one-hundredth second 
stop watch as shown in 
the figure. 
The timed volume of 
the oil discharged was equivalent to the volume of 
the plunger between the two notches, minus the leak- 
age between the hydraulic plunger and bushing. To 
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Fiocsz 1— Bevel-entrance nozzle assembljr 



FiscitB 3.— ConcsTe.en&rance nozzle assembly 



insure uniformity of flow during the discharge of the 
timed volume, the apparatus was designed so that 12 
per cent of the total liquid volume was discharged 
through the orifice before the watch was started and 
3 per cent after the 
watch was stopped. 

The connection be- 
tween the hydraulic cyl- 
inder of the apparatus 
and the discharge nozzle 
holder was a commercial 
seamless steel tube of 
three-sixteenths inch in- 
side diameter and nine 
thirty-seconds inch out- 
side diameter. The dis- 
tance from the hydraulic 
cylinder to the nozzle 
was 30 tube diameters. 
The only sharp edges in 
the path of the flow were 
at the valve seats at the 
bott-om of the hydraulic 
cylinder. The velocities 
through the tube varied 

from a nnininr>iiTn of 0.4 

to a maximum of 4.5 feet 
per second. According 
to Gibson (Reference 7), the critical velocity for the 
tube, liquid and maximum pressures used, would be 
about 11 feet per second. The flow through the tube 
was, therefore, laminar. Computations made accord- 
ing to the method given in Reference 6 on the losses 
of head for the maximum velocity through the tube 
used in these tests showed the loss to be less than 1 
pound per square inch. Since there were no other 
losses possible, the pressure at the hydraulic cylinder 
of the apparatus was transmitted virtually undimin- 
ished to the discharge orifice. 

A special fitting, shown in Figure 2, was used to 
determine whether or not any pressure difference 
existed in the injection pressure readings taken at the 
bottom of the hydraulic cylinder and taken midway in 
the tube connection to the nozzle. Various injection 
pressures and back pressures represaiting extreme 
conditions were employed for these tests. Within 
the experimental error of the test data no difference 
in the pressure readings was observed. The pressure 
tap in this special fitting was placed about 20 tube 
diameters from the nozzle, to avoid the effect of any 
disturbance to the flow. This tap could not be used 
continually, as the sudden building up of pressure 
caused by the rapid opening of the outlet valve sub- 
jected the gage to severe strains. 

Three nozzles with concave surfaces connecting the 
tube end and the inside edge of the orifice throat. 
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with the inside and outside edges of the throat sharp, 
as shown by fuH lines in Figure 3, were tested. These 
nozzles were the same that were tested by Joachim in 
his researches oh the coefficients of dischaige of small 



The equation from which the coefficient of discharge 
G was computed is 

C B 
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Figure fi.— Automatic injection valre e^embly with plain stem 

round orifices (Reference 1). The tests with the in- 
side edge sharp, therefore, served to check the previous 
results with the same nozzles and also to be used as 
a starting point for this investigation. Following the 
tests with the sharp edges, the inside edge of each 
orifice was rounded to approximately one sixty -fourth- 
inch radius, then to one thirty-second-inch radius, and 
finally was beveled to a 60'' angle as shown by the 
dotted lines ia the figure. A second set of nozzles was 
also t^ted that had the geometrical shape and dimen- 
sions shown in Figure 4. The length of the 0.014- 
inch orifice was varied from 0.5 to 3 times the diameter, 
in order to determiae the effect of length-diameter 
ratio on the coefficient of discharge. Further tests 
were made to detennine the coefficients for these noz- 
zle assembled in a fuel injection valve with a plaia 
stem and also with a helically grooved stem, as shown 
in Figures 5 and 6. The diameters and lengths of the 
orifices tested with each assembly are given in the 
tables accompanying the figures. 

Injection pressures from 200 to 5,000 pounds per 
square inch were used in these tests. The maximum 
pressure employed with each orifice depended on the 
minimum time permissible for accurately measuring 
the oil dischaxged. Back pressures up to 0.8 of the 
injection pressm*es were employed in testing the 
nozzles. The Diesel fuel oil used had a specific grav- 
ity of 0.859 and an absolute viscosity of 0.048 poises 
at 80° F. and atmospheric pressure. 



where 



B= actual rate of flow, 

a = orifice area, 

gi— gravitational acceleration, 
Pi == static pressure at a section of the tube immedi- 
ately before the nozzle, the injection pros- 
sure, 

Pj= static pressure into which the dischaige took 
place, the back pressure, 
p= density of the Diesel oil used. 
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Figure 6.— Automatlo Inleetlon TBlra dozzls ossembly with 
bellcBlly grooved stem 

PRECISION OP RESULTS 

Tiie precision of results obtained in this investi- 
gation depended upon the precision of the several 
factors included in the coefficient of diacharge equa- 
tion.^ _These factors are the volume of the liquid 
discharged, the hydraulic pressure before the nozzle, 
the chamber back pressure, the time of discharge for 
the known oil volume, the orifice area, and the density 
and temperature of the oil. 

The displacement of the hydrauhc plunger for the 
.timed volume dischai^ed was calculated from microm- 
eter measurements of the plunger diameter and tlie 
length between the two shallow notches, taking into 
account the volume of the notches. The accuracy 
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of the micrometer measurements permitted the deter- 
mination of the volume w-ithin 0.15 per cent. The 
leakage past the hydraulic plunger and sleeve Tras 
determined separately for all hydraulic pressures 
employed and has been included in the corrections 
for the coefficient. Corrections also were made for 
compressibility of the oU. 

Bourdon, spring pressure gauges, suitable to the 
pressure range to be investigated, were used to indi- 
cate the hydraulic pressures in the plunger cylinder, 
in the tube before the nozzle, and the air pressure in 
the discharge chamber. These gauges were calibrated 
frequently during the period of the investigation by 
means of a high-pressure and a low-pressure dead- 
weight gauge tester. As the timed volume was dis- 
charged through the orifice the pressure fluctuated 
slightly. These fluctuations were not more than 10 
pounds per square inch for the gauges measuring the 
oil pressures, and not more than 5 pounds per square 
inch for the gauges measuring the back pressures. 
Hence, the results obtained with the bwer injection 
pressures contain a relatively higher error. 

Any errors in the one-hundredths second stop watch 
were determined by comparison with a stop watch 
that had been calibrated by the United States Bureau 
of Standards for running, starting, and stopping errors. 
In the many hundreds of observations that were made 
during these tests with this stop watch, the maximum 
deviation from the mean was never more than 0.5 
per cent. 

The mean diameter of each orifice was measured 
with a dividing engine consisting of a microscope with 
micrometer attachment. The maximum deviation of 
the readings from the mean was not more than 0.3 per 
cent, so the error in the computed orifice area was 
not more than 0.6 per cent. 

The specific gravity of the fuel oU was determined 
with a Westphal balance with an error of less than 0.1 
per cent. The temperature of the oil during the period 
of the tests varied between 68° and 74° F. As the 
tests were conducted during the winter, no difficulty 
was e.\perienced in maintaining the temperature of the 
room withiu these limits. The effect of this variation 
on the coefficient of discharge was negligible, for the 
Reynolds Numbers in nearly all of these tests were 
such that the viscosity, which is sensibly affected by 
small changes of temperatures in this range CReference 
8), had little or no effect on the rate of flow. 

The precision of the results from the calculated 
deviations and estimated residual errors varies from 
1 .8 to 2.3 per cent. The error is greater in the results 
with the lower hydraulic injection pressures. 

RESULTS AND DISCUSSION 

CONCAVE-ENTHANCE NOZZLE TESTS 

Jet discharges into air at atmospheric pressure. — 
Figures 7, 8, and 9 pve the coefficients obtained with 



the concave entrance nozzles shown in Figure 3 when 
the discharges were made into the chamber containing 
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air at atmospheric pressure. The characteristics of 
the curves for each geometrical shape tested are the 
same for all three nozzles. With but few exceptions, 
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the coefficient remained constant for injection pres- 
sures above 500 pounds per square inch. A rounding 
of the leading edge to approximately onfl sixty-fourth 
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Figure 9,— Effect of injection pressure on coefBdent of discbarge. 0.02fi 
inoh diameter orifice. Atmospilieric iMtcIc pressure 

inch radius increased the values of the coefficient 0.16 
for the 0.015 inch, 0.12 for the 0.020 inch, and 0.09 for 
the 0.025 inch diameter orifice. By increasing the 
roundness to about one thirty-second inch radius, a 
further increase in the values of the coefficients was 
realized, 0.07 for the 0.016 inch, 0.04 for the 0.020 
inch, and 0.17 for the 0.025 inch diameter orifice. 
Beveling tbe leading edge 60°, making the length of 
the orifice equal to the diameter and leaving the 
comers of the bevel sharp, gave coefficients several 
per cent lower than when the leading edge was rounded 
to one thirty-second inch radius. Slightly rounding 
comer b of the bevel again increased the coefficient by 
about 0.03 for both 0.016 and 0.020 inch diameter 
orifices. By slightly rounding all comers, b| c, and cl» 
the coefficient was increased 0.09 for the 0.015 inch, 
0.10 for the 0.020 inch, and 0.10 for the 0.026 inch 
diameter orifice. Thus, by altering the leading edge 
of the orifice from approximately sharp edges to a bevel 
of 60° with comers sli^tly roimded, the coefficients 
were increased from 0.66 to 0.94 for the 0.016 and 
0.025 inch diameter orifices, and from 0.72 to 0.94 for 
the 0.020 inch orifice for all pressures tested above 
500 pounds per square inch. The presence of sharp 
comers or rough surfaces between the upstream pas- 
sage and throat of the orifice apparently decreased the 
efficiency of flow through the nozzle. The principal 
conclusion that can be drawn from these tests is that 
as the passage between the upstream side of the nozzle 



and the orifice throat is made smoother the coefficient 
of discharge approaches unity. 

When examined, at the start of the tests under a 
microscope with a magnification of fifty diametoi-s, 
the inside edge of the 0.020 inch orifice was seen to be 
pitted and slightly rounded as compared to those of 
the otter two orifices, which were sharp. This was 
probably caused by the passage of imstrained oil 
through the orifice in previous experiments con- 
ducted at the Laboratory (Reference 1). It was 
probably due to the effect of this pitting and slight 
rounding of the leading edge that coefficients 0.06 
higher were obtained in the first tests with the 0.020 
than with the 0.015 and 0.026 inch orifices, curves 
No. 1 of Figures 7, 8, and 9. 

According to the principles of similitude, when 
nozzles of similar geometrical shape are tested under 
similar worldng conditions, regardless of scale, liquid, 
or rate of flow, the data obtained may be represented 
by a single curve of coefficients of discharge plotted 
against coiTesponding values of Reynolds Numbers. 
Geometrically similar nozzles existed when the inside 
edge of the orifices was beveled to an included angle 
of 60** and the length was made equal to the diameter. 
Figure 10 shows the coefficients for the geometrically 
similar nozzles plotted against corresponding Reynolds 
Numbers. The points from all three nozzles for each 
geometrical shape lie on the same curve within tlie 
limits of experimental error. As can be reasonably 
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FiouBE 10.— Variation of ooelBdent of diseliarge with Reynolds number. Atmes- 
pherio back pressure 

expected for such small differences in scale, the curves 
show the existence of hydraulic similitude in the flow 
through the nozzles. FolloAving the explanation 
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given in the Appendix, the shapes of the curres of 
Figures 7, 8, and 9 indicate that, except for pressure 
below 500 pounds per square inch, the flow through 
the orifices was turbulent. The rising of the curve 
at the lower injection pressures is due to the presence 
of a semiturbulent motion in the orifice for which the 
\'iscosity effect becomes noticeable. 

Information on the critical velocities of flow through 
the small orifices and nozzles of these t^sts is lacking. 
The following equation (Reference 7), however, was 
found to be true for tubes of larger diameters and 
lengths: 



2,000f 
3~' 



(2) 



and in gravitational units 



(3) 



_ 2,000;tg 
pd 

where, in English units 

Vt = critical velocity of flow, feet per second. 
It = viscosity of the liquid, pounds-second per 
foot.* 

g = gravitational acceleration, feet per second.' 
p = density of the liquid, pounds per foot.' 
d = orifice diameter, feet. 
V = kinematic viscosity, feet* per second. 
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By assuming the critical velocities through these 
orifices to be similar to those in a parallel tube of the 
same diameter, and the above equation to be appli- 



cable to these sizes of orifices, the values given in 
Table I are obtained for the range of diameters be- 
tween 0.008 and 0.040 inch. It will be seen from 
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this table that the critical velocities approach the 
region of velocities through the orifices corresponding 
to the lower pressure differences employed in these 
tests. 

Strictly similar geometrical shapes did not exist 
between the nozzles having the leading edge of the 
orifice rounded, as is apparent from the differences in 
the values of the coefficients with each nozzle for sup- 
posedly the same geometrical shape. This was prob- 
ably due to the inexact rounding of the leading edge in 
proportion to the diameter, because of the difficulty of 
machining so smaU radii with satisfactory tolerances. 
S%htly rounding the corners of the bevel or the down- 
stream edge of the orifices, however, did not so readily 
destroy the geometrical similarity between the nozzles. 

Jet discharges into air at different pressures. — ^Fig- 
ures 11, 12, and 13 show the coefficients with the same 
set of nozzles and geometrical shapes, but ^vith the dis- 
charges made into the chamber containing air under 
pressure. The coefficients are plotted against the ratio 
of air back pressure to injection pressure. Excepting 
for the nozzles with the leading edge of the orifice 
beveled and with smooth corners, the coefficients of 
the nozzles for the same head differential did not agree 
with the values obtained when discharges were made 
into air at atmospheric pressure. This is in. agreement 
with Joachim's results with the same nozzles (Eefer- 
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eiice 1). A comparison of the set of curves with and 
without back pressure suggests the possibility that the 
actual pressure at the throat of the oriJSce was different 
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Ratio of bocH pressure to injection pressure 
Figure 13.— ESect of back pressure on coefficient of discharge. 
0.021! Indi diameter orifice. Injection pressure 1,000 pounds per 
square Incli. 

for the two conditions. The aii* under pressure in the 
discharge chamber apparently was the cause of a dis- 
turbance to the motion through the nozzle that resulted 
in the creation of abnormal flow conditions. 

The disparity between the values of the coefficient 
with the jet discharging into atmospheric air and those 
with the jet discharging into air at diflFerent pressures 
was greatest when the leading edge was sharp. The 
data show that when the nozzles had the leading edge 
sharp (Curves 1) the coefficients reached the maxLmum 
values of 0.85 for the 0.016 and 0.025 inch orifices and 
0.89 for the 0.020 inch diameter orifice between the 
pressure ratios of 0.3 and 0.4. As the back-pressure 
ratio increased beyond these points, the coefficient 
ultimately decreased to about 0.82 at the pressure 
ratio of 0.8. By successively rounding the leading 
edge to one sixty-fourth and to one thirty-second inch 
radii (Curves 2 and 3), the pressure ratio at which the 
maximum coefficients were reached became lower. As 
the pressure ratio was increased, however, the coeffi- 
cient again decreased to the minimum value of 0.82, 
regardless of the degree of roundness. 

The coefficient characteristics of the nozzles having 
the leading edge beveled to 60" differed from those 
with the nozzles having the rounded edge. With the 
nozzles having the leading edge beveled and the 
comers of the bevel sharp (Curves 4), a maximum 
coefficient of about 0.96 was reached at the back 



pressure ratio of 0.25. Increasing the back pressure 
to beyond this ratio had no effect on the value of the 
coefficient for the injection pressures and pressure 
ratios tested. Slightly rounding the leading comer 
fa of the bevel (Curves 6) decreased the ratio at which 
the maximum value was reached, and the coefficient 
beyond this ratio was virtually the same as for the 
nozzles having all comers of the bevel sharp. By 
slightiy rounding comers b, c and d (Curves 6) the 
coefficients obt^ed were equal for all pressure ratios 
and, within the error of the observation, were equal 
to the maximum coefficients with the nozzles having 
the comers of the bevel sharp or the leading corner 
slightly rounded. 

In comparing the set of curves shown in Figures 7, 
8, and 9 with the set of cun'-cs in Figures 1 1, 12, and 13, 
two conclusions can be drawn which indicate the 
advantages of the nozzles with the beveled loading 
edges and comers in the flow passage slightly rounded. 

First, higher coefficients are obtained by beveling 
the leading edge of the orifice and slightly rounding 
any sharp comers in the flow passage than by beveling 
the leading edge, but leaving the comers sharp, or by 
simply rounding the leading edge of the orifice. 

Second, the coefficients for the nozzles with the 
bevel and the comers slightly rounded are unaffected 
by changes in the injection pressure or back pressure. 

Different bevel angles were not tried, as this was 
beyond the scope of the present investigation. How- 
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ever, recent experiments by Zucrow (Reference 9) 
on the coefficient of discharge of submerged nozzles 
having the leading edge beveled and using small 



FUEL INJECTION NOZZLES FOR COMPRESSION-IGNITION ENGINES 



201 



differential heads, showed the values of the coefficient 
to vary but slightly for angles between 20° and 90°. 
The distribution of the experimental points in a plot 

Injection pressure O fOOO Ib./^sq. in. 
b^400ltx/sq.in. >2000- 
X SCO - - V 3000 - 

+ aOO ■ • < 4000 • 

Leading edcje of orifics beve/edSO' comers "b' 
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FiGOU U.— ESIectaf bacic pniame on ooeffideid of dlsduigB. 
Orifice size, O.OIS Inch diameter X OJOS buA lengtli 

of coefficient against bevel an^e indicated the ang^e 
giving the highest coefficient to be not far from 60°. 

Tests were also made with the injection pressures of 
400, 600, and 800 poimds per square inch. 

A 400 Itx/sa in. O BOO lb. /so. in. 

X eoo • • + 1000- 

Leading edge of orifice beveled 60', corners 
"b ", "c * and 'd " stigti tly rounded. 
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Fiatio of bach pressure to injection pressure 
FiGDBE 16.— ESect of back piessms on ooeffictent of discharge. 
OiUce dze, 0.020 Inch dlametec x 0.020 inch length 

14 to 17.) The coefficients obtained with the injection 
pressures of 400 and 600 pounds per square inch, when 
back pressures were used, differed from those with the 
89800—82 14 



injection pressures above 800 pounds per square inch 
for the same ratio, excepting the nozzles having the 
leading edge beveled and all comers of the flow passage 
smooth. Kgure 14 gives the results with the 0.015 
inch diameter orifice, having only the leading comer 
of the bevel slightly rounded. Similar results were 
obtained with the 0.020 inch diameter oiiflce. It will 
be observed that the coefficient was different with the 
lower injection pressures for the pressure ratios above 
0.2. The greatest variation was 0.07 at a pressure 
ratio of 0.75 for the injection pressure of 400 pounds per 
square inch. Figures 15, 16, and 17 give the data 
obtained with the nozzles having the 60° bevel and 
smyooth comers, and for vaiying injection pressures. 
Within the errors of the observation, the coefficients 
were equal for all three nozzles and all injection 
pressures tested, regardless of the back pressure to 
injection pressure ratio. 
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BEVEL-ENTRANCE NOZZLE TESTS 

Jet discharges into air at atmospheric pressure. — 
Elgures 18, 19, and 20 show the coefficients with the 
nozzles having the beveled entrance (Figure 4) when 
the discharges were made into the chamber containing 
air at atmospheric pressure. It will be observed that 
the coefficients were virtually the same for the three 
nozzles and with the 0.014 inch diameter orifice for aU 
length to diameter ratios tested, except for the ratio 
of 0.5. Excepting this smallest ratio, the efficiency of 
the fiow was apparently unaffected by the magnitude 
of the orifice length or diameter for the conditions of 
these tests. Larger length-diameter ratios and differ- 
ent rates and type of flow would possibly give greater 
deviation. That this h possible was shown by 
ZucTow's tests (Reference 9) on submerged nozzles in 
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a type of flow that appeared to have ranged between 
turbulent and semiturbulent. 

The decrease in the values of the coefficients for the 
ratio of 0.6 at pressures above 1,000 pounds per square 

Leading edge of orifica beveled 60', corners 'b' and 'd" 
slightly rounded, corner 'c ' sharp. 
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FiQtntB IS.— Bflect of Injeotlon piessnie on ooeffldent of discharge. Oilflce 
site, 0.008 Inch diameter X 0.020 inch length. Atmogpherlo back 
presstue 

inch was possibly due to the increase of jet contraction. 
As the jet passes the inner edge of the orifice, it con- 
tracts and forms what is known as the vena-contracta. 
The amount of the contraction depends on the diflFer- 

Leading edge of orifice bevated 60' corners "b" 
and 'd'Slightiy rounded, corner'c" sharp. 
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FiamtB U.— Effect of injection pressure on coefficient of dis- 
ohaige. t-oriSce length. dBorlflce diameter. 0.0U inch di. 
ameter orifice. Atmosphecio bad: pressnre 

ence of head, the properties of the fluid and, to a large 
extent, on the form of the leading edge of the orifice. 
High differ^ces in head, low viscosity or sharp leading 
edges tend to increase the contraction. Low differ- 



ences in head, high viscosity, and properly smoothed 
out passages immediately before the brifice tend to 
eliminate contraction. It is known that the jet ex- 
pands immediately after contraction and, if sufficient 
length is provided, quickly fills the throat of the orifice 
again. 

The distance from the entrance of the throat at 
which the contraction occurs depends to a lai^r^ extent 
on ihe form of the leading edge of the orifice. The 
momentum given to the oil particles flowing past the 
wall of the passage for the nozzles of these tests was in 
a direction of 30° to the jet axis. The contraction of 
the jet, therefore,_ should have been at a distance of 

not more than times the orifice diameter from the 

inner edge of the orifice. With the sufficient length 
provided when the higher length-diameter ratios were 

Leading edge of orifice be'veledSO', 

corners 'b' and 'd" 
slightly rounded, corner'c" sharp. 
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F»nxBS 20.— Effect of injection piessore on ooeffldent of discharge. Orlflce 
8ize^0.0201nchdtameierX0.080inahInigth. Atmospherlobaclcpressura 

used, the jet reexpanded and filled the throat of the 
orifice, so that the contraction coefficient became unity. 
In that event, the loss in efficiency to the flow was 
chiefly due to the loss of head in the eddying during 
the contraction and the following expansion, and the 
skin friction on the walls. When the length of the 
orifice was made so small that it did not provide 
sufficient interference to the jet reezpansion, the 
discharge coefficient became dependent on the con- 
traction coefficient. As was explained previously, a 
high difference in head favors contraction, for then the 
centrifugal force urging the Uquid particles toward 
the axis of the jet is increased. Thus the contraction 
of the jet, which was possibly small at the pressures 
below 1,000 pounds per square inch, with the smooth 
passage used before the orifice, increased as the in- 
jection pressure was increased and, consequently, 
decreased the coefficient of contraction. The result of 
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this contraction was the decrease of the coefficient of 
discharge. 

Figure 21 shows the coefficients plotted as a function 
of corresponding Keynolds Number for the 0.008, 0.014, 

X aOOB dia. * a 020 tenqfh 

O 0.014 ■ '0.014 - S 0.028 dla." 0.041 lengib 
■i- 0.020 ' "0.080 " ,Oriflce size, inches 
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FiQUBE 21.— TarbUon of eoeffldent of dlsdiaiga witli Beynolds number. At. 
mospherio back presstue 

and 0.020 inch orifices with the length-diameter ratios 
between 1 and 4 and conditions given in Figmres 18, 
19, and 20. At the lower injection pressures tlie 

l.lnj.press.. 1000, 2000,3000,4000 &S000lb/sq.in. 
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nausi 22.— EfliBct of back preGsniB oa ooeffldBnt of dlscbargB. 
Odfice size, 0.0Q8 Inidi. dismeter X (Ul^ incb length 

coefficient decreases with the decrease of Beynolds 
Number. This is contrary to the results obtained 
with the nozzles of the other geometrical shape (Figure 



10) in which the coefficient increases. If previous 
ezpeiimental results with larger sizes of orifices by 
Hodgson and others are considered, as explained in the 
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Appendix, this means that the region of semiturbulent 
flow for the orifices having the concave entrance is 
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longer than for those having the bevel entrance. With 
the nozzles having the concave entrance the coefficient 
curve must attain a certain maximum value before it 
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drops to zero at zero injection pressure, as the Reynolds 
Number is further lowered. 

Jet discharges into air at varying pressures. — ^Fig- 
ures 22, 23, and 24 give the data obtained with the same 
nozzles when the discharges were made into the cham- 
ber containing air at different pressures. The variation 
b the values of the coefficients between the three 
orifices was not more than 2 per cent from the mean 
for each test condition. The points for injection 
pressures above 1,000 pounds per square inch lie along 
the same curve for each orifice. It will be observed 
that there is a slight increase in coefficients for pressure 
ratios up to 0.1, this being especially noticeable with 
the 0.008 inch diameter orifice. The reason that these 
curves do not have the same shape as those obtained 
with the nozzles having a concave entrance from the 
upstream side (Figures 16, 16, and 17) was probably 
because comer c was left sharp and only b and d 
slightly relieved. The remarks made, therefore, 
regarding the disturbance created to the flow through 
the nozzles for Figures 11, 12, and 13 apply also to 
Figures 22, 23, and 24. The decrease in the value of 
the coefficient with the increase of back-pressure ratio 
for pressures below 1,000 pounds per square inch, is 
duo to the influence of viscosity of the liquid at these 
low throat velocities. 

TESTS WITH THE INJECTION VALVE ASSEMBLY 

The results obtained with the nozzles assembled in 

an automatic injection valve having a plain stem, 
illustrated in Figure 5, duplicated those obtained with 
the assembly in Figure 4 for the same conditions. The 
data given in Figures 18 to 24, therefore, also represent 
the resuite with the nozzles assembled iD the injection 
valve. The upstream passage, as will be noted in 
Figure 5, has both sharp comers and an elbow within 
a comparatively short distance from the nozzle, as 
compared to the nozzle holder illustrated in Figure 1 
that was used with the assemblies of Figures 3 and 4. 
The valve shown in Figure 6 is of a type commonly 
used for high-speed compression-ignition engines. The 
lift of the stem for these tests was limited to 0.030 inch. 

Additional tests were also made with lifts as low as 
0.006 inch, which gave an area equivalent to a 0.043- 
inch orifice. No appreciable difference was observed 
in the values of the coefficients with the smaller lifts. 
An analysis of the approach velocities of the liquid past 
any section at the upstream passage, even at the stem 
lift of 0.006 inch, showed this velocity head to be 
negligible as compared to the pressure head. 

Since there was no difference in the values of the 
coefficients with the nozzles assembled in the valve 
as compared to those that had a smoother upstream 
passage, the head losses from skin friction and eddy- 
ing, due to presence of sharp corners, and the loss due 
to the restrictions on the upstream passage were 
negligible. 



TESTS WITH A VALVE HAVING A STEM WITH HELICAL 
GROOVES 

The results obtained with the nozzles assembled 
in the automatic injection valve when a helically- 
grooved stem was used are shown in Figures 26, 26, 
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with helical grooves. Atmospherio back pressure. Coeffl 
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and 27. The nozzles listed in the table accompany- 
ing Figure 6 were used. The combined cross-sectional 
area of the four grooves was equivalent to that of a 
0.025 inch, diameter orifice. 

Figure 25 gives the coefficients of tbe nozzles plotted 
against injection pressures for the range between 400 
and 4,000 pounds per square inch. The coefficients 
given in Figure 25 were computed on the basis that 
the value of a of equation (1) was equal to the cross- 
sectional area of the orifice. The magnitude of the 

/. Computed on the basis that the craa of the efflux 

equals the area of the orifice. 
2. Computed on the basis that the orea of the efflux 
equals ftie combined area of the grooves. 
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Fkscbb 27.— Effect of latio of orifice aiea to gioovs ana on coefficient of db- 
ebaige. Atmospbeilc back Eiessata. Injection pnssais, 4,000 pounds 
per square inch 

energy loss can also be shown if the coefficients are 
computed on the basis that a equals the combined area 
of the helical grooves, and then compared with the 
coefficients obtained when the valve was assembled 
with the centrifugal stem and adapter ^^'ithout the 
nozzle. The results with the coefficients thus com- 
puted, together with the coefficients without the 
nozzle are given in Figure 26. 

Figure 27 gives the coefficient as a function of the 
ratio of the orifice area to the groove area for the 
hydrauhc injection pressures of 4,000 pounds per 
square inch when the coefficients were computed by 
both methods. As the ratio of areas becomes smaller 



the efficiency of the flow through the orifice is increased, 
and the coefficients approach the values obtained 
with the valve assembly having a stem with no helical 
grooves. Apparently, large energy losses occur as 
the liquid passes through the restricted groove pas- 
sages. 

CONCLUSIONS 

This investigation has shown that for the small 
sizes of nozzles employed for high-speed compression- 
ignition engbaes a smooth entrance passage to the 
throat of the orifice is necessary for a high efficiency of 
flow. A beveled leading edge to the orifice gives 
higher coefficient than a rounded leading edge. The 
coefficient of discharge depends upon the geometrical 
shape of the nozzle and not upon the size of the orifice. 

For the nozzles having the leading edge of the 
orifice beveled and all corners in the flow passage 
slightly rounded, the coefficients were identical, re- 
gardless of the effective head or the back pressure that 
was employed. For the nozzles having the leading 
edge beveled and comers in the flow passage sharp, or 
the leading edge only rounded, the coefficients wore 
different for the conditions with and without back 
pressure when the same effective head was used. 

Varying the lengi^-diameter ration from 1 to 3 fgr 
a 0.014-inch diameter oiifice having a beveled leading 
edge was foimd to have no effect on the values of the 
coefficient. However, for a ratio of 0.5 the coeffi- 
cient decreased with the increase of pressure above 
1,000 pounds per square inch. 

Tests vtith the nozzles assembled in an automatic 
injection valve, with sufficient stem lift to give no 
throttling, gave the same coefficient as those with the 
nozzles at the end of a straight tube. Low coeffi- 
cients were obtained when tests were made with the 
nozzles in an injection valve containing a stem with 
helical grooves. 

The result of experiments from nozzles of any one 
geometrical shape for the oiifice diameters and rates 
of flow tested were represented by a single curve of 
coefficients ot discharge versus Reynolds Numbers. 

Lakglet ME^kioRiAL AebonaxtticaIi Labosa- 

TOBT, 

National Advisoht CoMiiiTTEE for Aesonau- 

TICS, 

Langelt Field, Va., September 11, 1930. 



APPENDIX 



DEnNITION AND DERIVATION OP THE ALGEBRAIC 
EXPRESSION FOR THE COEFFICIENT OF DISCHARGE 

The algebraic expression for the ideal rate of flow of 
a liquid through an orifice is at best an approximate 
statement of a physical phenomenon which is so com- 
plicated that it is quit« impossible to construct a com- 
plete mathematical theory for what actually occurs. 
It is conventionally used because it is amenable to 
treatment by simple mechanical principles. This 
statement is based on the assumption that several 
important conditions are satisfied. These axe: 

First, at a transverse section immediately before 
the nozzle, the static pressure is uniform across the 
section and the velocity of flow is parallel to the flTn« 
perpendicular to the section and uniform throughout. 

Second, at the orifice, the static pressure is uniform 
throughout the section and equal to the pressure exist- 
ing in the chamber into which the liquid is discharged, 
and the velocity of flow is parallel to the axis and uni- 
form throughout. 

Third, between the upstream section and orifice, 
there are no energy losses due to turbulence, viscosity, 
or sldn friction. 

The expression for the ideal rate of flow of a liquid 
through an orifice based on these conditions is ob- 
tained as follows: 
Let 

Q= ideal rate of discharge, pounds per second. 
A= ares of the section before the nozzle, square feet. 

a = area of the orifice, square feet. 
D — diameter of upstream section or tube, feet. 

(2= diameter of orifice, feet, 
f'^i™ velocity fit A, feet per second. 
l''i= velocity at c, feet per second. 
Pi = density of liquid at A, pounds per cubic foot. 
Pi = density of liquid at a, poimds per cubic foot; 
Pi = static pressiire at A, poimds per square foot. 
Pj= static pressure at a, poimds per square foot. 

n=A/a'=-^- 

For the liquids and the pressures used in these tests 

it may be assumed that pi = pa=p. The error intro- 
duced by this assumption in the calculations for the 
coefficient of discharge is less than 0.5 per cent for an 
injection pressure of 5,000 pounds per square inch. 
Since the rate of flow at sections A and a is the same, 



from which 



Q=AViPi=aV2P2, 

TT _ g72Pa _ Va 
Api ~ n 



(1) 

(2) 



By hypothesis there is no energy loss between sec- 
tions A and a. Therefore, equating the loss in poten- 
tial energy between the two sections to the kinetic 
energy gained at the throat, 



P 2ff 
Substituting (2) in (3), 

P 

and 



(3) 



2ff 



2gn' 



Substituting (4) in (1), 

«-a{(P.-P.,(f)(;^)]'' (« 

This is the ideal rate of flow for a liquid. The 
actual rate of flow Q', is, by definition, Q multiplied 
by the coefficient of discharge, G, or 



(6) 



and the coefficient of discharge. 



<2' 



(7) 



Dividing both numerator and denominator by p, 
equation (7) becomes 



B 



(8) 



where B is the actual rate of flow in cubic feet per 
second. When ^ issmall, tbisequationmaybefurther 
modified to the form 



(9) 
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If any or all of the conditions assumed in deriving 
the expression for the ideal rate of flow of a liquid 
through an orifice are not satisfied, the coefficient of 
discharge may be different from unity. For the fuel 
iniection systems of oil engines where small orifice 
diameters and orifice lengths, high throat velocities, 
and high cylinder pressures are used, the conditions 
for an ideal state of flow are far from satisfied. 

DISCUSSION OF FACTORS AFFECTING THE FLOW OF 
A LIQUID THROUGH AN ORinCE 

The most important properties of a Hquid that affect 
its flow are its density and viscosity. These two prop- 
erties, for a given liquid, normally give lise to three 
types of flow which succeed one another as the speed 
of the flow across the throat of an orifice ijacreases. 
At low speeds the influence of viscosity on the flow 
is so large, as compared to that of the density, that the 
effect of the latter may be conaidered neghgible. As 
the speed of the flow is increased, however, the kinetic 
energy and the accompanying inertia reactions of the 
liquid against acceleration, which are proportional to 
the density, increase as the square of the speed, 
whereas the viscosity effects increase directly as the 
speed. Hence, as the speed of the flow increases a 
point is reached beyond which the influence of viscos- 
ity becomes negligible as compared to the influence of 
density. It follows that there may be : 

First, streamline or viscous flow which depends on 
the viscosity only and is proportional to the difference 
of pressure across the oiifice. 

Second, mixed streamline and turbulent flow which 
depends on both viscosity and density. 

Third, turbulent flow which depends on the density 
alone and is proportional to the square root of the 
difference of pressure across the orifice. 

Another factor affecting the flow is the diameter of 
the orifice. Reducing the diameter of the oiifice, 
without changing the magnitude of the liquid prop- 
erties and the rate of flow, increases . the transverse 
gradients of speed to which the viscous forces are pro- 
portional. The effect on the flow and, therefore, 
on the coefficient of dischai'ge, is the same as though 
the viscosity of the liquid was increased. 

There are no other factors or properties of a liquid 
that affect the flow through an orifice to an extent 
that merits consideration in this discussion. The 
nature of flow, therefore, can be completely deter- 
mined by the speed of flow, V, the diameter of the 
orifice, D, the viscosity of the liquid, n, and density, p. 
Since the rate of flow depends on iJio relative magni- 
tude of the viscous forces, in comparison to the 
inertia forces which are due to the density of the 
liquid, the last two factors can be considered as one, 

which is the kinematic viscosity of the Uquid. 

In this ratio the dimension of n are pounds-second 
per foot,* and of p pounds per foot.* 



.It folloNvs from the foregoing that there is some rela- 
tion connecting the coefficient of discharge with the 
factors affecting the flow through an orifice, or 

(7=y (z?, V, .) (10) 

The form of the functional symbol / depends on the 
particular geometrical shape of the orifice, and can 
be determined only by experiment for any one shape. 

By the principles of dimensional homogeneity it is 
known that the coefficient, being a pure number, or 
dimensionless, must depend not on any one of the 
factors, of equation (10) separately, but on a dimension- 
less product of these factors. The product DV/", 
better known as Reynolds Number, satisfies this 
requirement, so that 

C=f (DV/u)=J (R) (U) 

Although nothing may be kno\STi as to the function 
/, much useful information can be obtained from even 
incomplete experimental data by the application of 
this equation. It may be noted that there is only one 
independent variable to be considered in equation (11) 
instead of three in equation (10). The results of 
experiments from a nozzle of any one geometrical 
shape with any liquid whatever, with any orifice 
diameter, or with any rate of flow, can be represented 
within the errors of observation by a single curve of 
C versus {DV/v). When such a curve is obtained for 
any nozzle, to determine the coefficient of dischai^e 
for a nozzle of the same geometrical shape and the 
same flow conditions, it will only be necessary to com- 
pute the value of {VDfv) for the particular conditions, 
and then obtain tiie coefficient from the curve. 

Previous experiments by Hodgson (Reference 3) 
and others on the form of curve representing equation 
(11) for nozzles of one geometrical shape, gave curves 
of the form illus- ^ 
trated in Figure 28. 



A clear understand- 
ing concerning the 
effect of varying the 
factors V, B, and ^ 
separately would sug. 
gest a similar curve. 
If, by reason of high 
kinematic viscosity, 




k)w discharge veloci- Rt fle 
ties or small diam- ^""^^ 
eters, or all of these combined, R falls below 
at which region the value of C7/i? becomes 
constant, the flow is streamline or laminar. In 
the absence of turbulence the coefficient depends 
for its value largely on the resistance of tho 
walls and the internal dissipation of energy, which 
are proportional to the viscosity and virtudly inde- 
pendent of the density. Hence, any changes in the 
viscosity would sensibly affect the coefficient. If by 
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reason of higher velocity, lower kiiiematic viscosity or 
larger diameter, the value of R falls between i?i and 
i?a, the flow is mixed turbulent and laminar. The 
coefficient now depends for its value not only on the 
internal dissipation of enei^ and friction of the walls, 
but also on the turbiilence which is known to depend 
on the density. The nearer the value of i?i is ap- 
proached the higher the turbulence, and the less the 
coefficient depends on the viscosity. If i? is above Sj, 
the flow may be termed turbulent. The coefficient 
then becomes virtually independent of viscosity and is 
practically constant. The type of flow that exists in 
practice in injection nozzles of high-speed compression- 
ignition engines is nearly always turbulent. 
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TABLE I 
CRITICAL VELOCITIES OF FLOW 



3.000 ue 



Orifice diameter 


Pressure difler- 
enc« 


Corresponding 
Ideal Telocity 


Critical ve- 
locity 




Zte.iwrff. in. 


Fl.perue. 




O.00S 


200 


IS7 




.015 


200 


VST 


lis 


.020 


200 


isr 


89 


.025 


200 


I8T 


71 


.m 


200 


IST 


4S 


.008 


BOO 


385 


334 


.015 


an 


295 


135 


.020 


500 


305 


94 


.025 


600 


395 


75 


; .010 


600 


296 


47 


.008 


1,000 


418 


247 


.015 


1,000 
1,000 


418 


133 


.020 


418 


9S 


.026 


1,000 
1.000 


418 


7S 


1 .040 


m 


50 


i .008 


2,000 


692 


278 


.015 

.oeo 


3,000 
3,000 


693 
692 


143 
111 


.025 


^000 


693 


89 


.m 


^000 


583 


65 


.008 


3,000 


72* 


318 


.006 


3,000 


726 


US 


1 .020 


S^OOO 


125 


128 


.026 


8,000 


726 


101 


.040 


8.000 


725 


83 


.008 


4,000 


816 




.015 


4,000 


83S 


lai 


.020 


4^000 


836 


U4 


.026 


4,000 


830 


115 


.040 


4,000 


838 


72 


.008 


6,000 


934 


418 


.015 


6^000 


934 


220 


! .020 


KOOO 


834 


US 


! .026 


6,000 


BU 


I8S 


.040 


6,000 


934 


S3 

1 



